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A core-shell structural composite was synthesized with lithium terephthalate (Li2C8H4O4) coated on
spinel Li4Ti5O12 (LTO). The composite displays a capacity of about 200 mA h g1 and a good rate cap-
ability with two charge/discharge platforms at 1.55 and 0.8 V. The excellent cycling performance of
the composite is attributed to the successful combination of high cycling stability of LTO and high speciﬁc
capacity of Li2C8H4O4. In addition, an interesting phenomena is observed for the ﬁrst time for this
composite which is that lithium ions transfer between LTO and Li2C8H4O4 at a fast speed. This is in-
vestigated in details via the asymmetric charge/discharge measurement and cyclic voltammogram (CV).
The LTO/Li2C8H4O4 composite may have potential applications to be used as an anode material for the
electric vehicle batteries, which is shallowly charged/discharged at ordinary times using the charge/
discharge platform of LTO and fully charged/discharged at emergency to release the extra high capacity
from Li2C8H4O4.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Lithium-ion batteries (LIBs) have been widely used in the por-
table electronics and electric vehicles [1]. Among many anode
materials, graphite and Li4Ti5O12 (LTO) are the most commonly
used materials in the commercial LIBs [2]. LTO was ﬁrst introduced
by Colbow et al. in 1989 [3] and it has a theoretical capacity of
175 mA h g1 with a two-phase reaction from Li4Ti5O12 to
Li7Ti5O12 at a potential of 1.55 V (vs. Li/Liþ). As LTO is a zero-
strain insertion material, it has great cycling performance [4,5].
The excellent electron conductivity of lithiated LTO and three-di-
mensional ion channels make it a superior rate capability [6–8].
However, the relative low capacity and high Li-ion intercalation
potential of LTO compared with graphite (capacity: 372 mA h g1;
potential: 0.1 V) limit its application in the consumer electronics.
Besides, the side-reaction at the interface of LTO and electrolyte
results in electrolyte decomposition [9] and severe gas evolution
[10,11], which seriously limits the large-scale application of LTO
[12]. Carbon coating [13] and oxide coating [14] are reported to
suppress the interfacial reactions, but the island coating can’ty. Production and hosting by Elsev
als Research Society.entirely prevent the side-reaction at the interface. In order to solve
this problem, a ﬂexible coating layer with Li-ion insertion activity
is needed.
Recently, a novel idea of designing new electrode materials
have been applied via combining the advantages of different ma-
terials to obtain composite materials. Makhonina et al. [15] studied
the composite of LiFePO4 and LiMn2O4, which shows better elec-
trochemical performance and it is favorable for the formation of
intergranular structures with increased ionic conductivity. Com-
posite materials have been widely used as anode in lithium ion
batteries, like Si/C [16–18], Sn/C [19,20] and Si/graphite [21,22].
The core-shell structure [23,24] is frequent used in design of
composite materials, including Si/C, Si/Cu core-shell nanowires
[25,26], Si/polymer core-shell nanoparticles [27,28], and graphite/
LTO [29,30], LTO/C [31], LTO/oxide [32] core-shell composite.
Here, we introduce a core-shell structural composite of LTO and
lithium terephthalate (Li2C8H4O4) with a nano-layer of Li2C8H4O4
coating on the surface of LTO. Li2C8H4O4 as a kind of organic anode
material was ﬁrst proposed by Armand et al., which has a higher
theoretical capacity of 300 mA h g1 and a lower intercalation/
deintercalation potential at 0.8 V (vs. Li/Liþ) [33]. The stability
and electrochemical performance of the designed core-shell
structural composite is investigated.ier B.V. This is an open access article under the CC BY-NC-ND license
Fig. 1. Schematics of (a) the LTO/Li2C8H4O4 composite electrode and (b) the molecular structure and Liþ insertion/deinsertion mechanism of Li2C8H4O4.
Fig. 2. XRD patterns of the LTO/Li2C8H4O4 composite, LTO and Li2C8H4O4.
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2.1. Synthesis of the LTO/Li2C8H4O4 composite
The LTO/Li2C8H4O4 composite was designed by mixing LTO,
Li2C8H4O4 and carbon nanotubes (CNTs) in a weight ratio of 6:3:1.
Initially, Li2C8H4O4 was prepared by mixing 2.077 g C8H4O4 (Alfa
98%) and 1.05 g LiOH H2O (Alfa 99.9%) in 100 ml deionized water
and stirring for 5 h. Then the composite was prepared by adding
0.74 g CNTs (JinBaiNa Nano Technology) and 4.44 g commercial
LTO (Tianjiao Technology) into the Li2C8H4O4 aqueous solution
followed by dispersing in a ultrasonic batch for 1 h. The solution
was dried by the spray drying technology to obtain composite
powder which was ground in an agate mortar for 10 min. Finally,
the ground powder was further dried at 150 °C in a vacuum oven
for 6 h. For comparison, a LTO/Li2C8H4O4 composite without CNTs
was synthesized using the same method.
2.2. Characterization
The X-ray diffraction (XRD) patterns of the samples were col-
lected using a Bruker D8 Advance X-ray diffractometer with Cu Kα
radiation (λ¼1.5405 Å) in the scan range of 10–80°. The mor-
phology of the samples were observed using a scanning electronmicroscope (Hitachi S-4800) and a transmission electron micro-
scope (FEI Tecnai F20 S/TEM).2.3. Electrochemical measurements
The LTO/Li2C8H4O4 composite electrode was fabricated by
mixing the LTO/Li2C8H4O4 composite, PVDF and carbon black in a
weight ratio of 90:5:5. The slurry was cast on a copper foil current
collector and dried at 120 °C in a vacuum oven for 6 h. For com-
parison, electrode of the LTO/Li2C8H4O4 composite without CNTs
was fabricated in the same way. The LTO electrode was fabricated
by mixed LTO, carbon black and PVDF in a weight ratio of 85:10:5.
Additionally, the Li2C8H4O4 electrode was also fabricated by mixed
Li2C8H4O4, CNTs, carbon black and PVDF in a weight ratio of
67.5:22.5:5:5. The coin cells CR2030 were assembled in an argon-
ﬁlled glove box with the electrode, a lithium counter electrode,
1 M LiPF6 in EC/DMC (1:1 by volume) electrolyte, and a Celgard
2400 separator. The galvanostatic charge/discharge measurements
were carried out using a Land Automatic Batteries Tester (KING-
NUO Electrical Co. Ltd., China). The cyclic voltammogram was in-
vestigated on a CHI600D Electrochemical Workshop (Shanghai,
China).
Fig. 3. SEM images (a, b) and TEM images (c, d) of the LTO/Li2C8H4O4 composite.
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Fig. 1a shows the schematic of the LTO/Li2C8H4O4 composite
electrode. The composite presents a core-shell structure with the
shell of Li2C8H4O4 and CNTs coating on the core of LTO particle.
Because of the intrinsic low electronic conductivity of the organic
terephthalate, CNTs are mixed with Li2C8H4O4 to increase the
conductivity. This unique electrode structure not only provides
Li2C8H4O4 and LTO a good conductive network, but also shields
LTO particles from the electrolyte. Fig. 1b shows the molecular
structure and the Liþ insertion/deinsertion mechanism of
Li2C8H4O4. Two Li ions can be inserted into one Li2C8H4O4 mole-
cule and are connected with the two carbonyl groups with a
theoretical capacity of 300 mA h g1 [34].
Fig. 2 shows the XRD patterns of the LTO/Li2C8H4O4 com-
posite, LTO and Li2C8H4O4, respectively. The XRD patterns of
LTO can be indexed as the spinel LTO (JCPDS 49-0207) with
limited impurity of TiO2. The XRD patterns of Li2C8H4O4
showing sharp diffraction peaks suggest a good crystallinity.
The Li2C8H4O4 forms crystalline layered structure in the c-axis
direction with repeating stacked benzene ring layer and tet-
rahedral LiO4 layer [35]. The XRD patterns of the LTO/Li2C8H4O4
composite shows as a mixture of LTO and Li2C8H4O4, and na-
nosized Li2C8H4O4 presents a relatively weaker diffraction in-
tensity compared with LTO.The morphology of the LTO/Li2C8H4O4 composite is character-
ized by scanning electron microscope (SEM) and transmission
electron microscope (TEM). Because the organic Li2C8H4O4 has a
good ﬂexibility, it can be easily coated onto LTO surface after
mechanical mixing. SEM images (Fig. 3a and b) show that LTO in
the LTO/Li2C8H4O4 composite has an average particles size of less
than 1 mm. The SEM images also conﬁrm that CNTs and Li2C8H4O4
are uniformly coated on LTO. TEM images (Fig. 3c and d) further
reveal that the coating layer on the surface of LTO has a thickness
of 20–100 nm.
The electrochemical performance of the LTO/Li2C8H4O4 com-
posite electrode is shown in Fig. 4, together with that of the LTO
electrode and the Li2C8H4O4 electrode. The LTO/Li2C8H4O4 com-
posite (weight ratio 2:1) has a theoretical capacity of
215 mA h g1, calculated based on the lithiated product of
Li7Ti5O12 with a theoretical capacity of 175 mA h g1 and
Li4C8H4O4 with a theoretical capacity of 300 mA h g1. Fig. 4a
shows the charge/discharge curves of LTO, Li2C8H4O4 and the LTO/
Li2C8H4O4 composite electrodes. The LTO electrode shows a typical
charge/discharge platform of 1.55 V and a charge capacity of
155 mA h g1. The LTO/Li2C8H4O4 composite electrode shows a
much higher charge capacity of 200 mA h g1. Two platforms
(1.55 and 0.8 V) are observed on the charge/discharge curves,
which correspond to the Li-ion intercalation/deintercalation po-
tentials of LTO and Li2C8H4O4, respectively. In the discharge
Fig. 4. (a) Charge/discharge curves of LTO, Li2C8H4O4 and the LTO/Li2C8H4O4 composite electrodes, (b) charge/discharge curves of the LTO/Li2C8H4O4 composite electrode at
various current rates of 0.2, 0.5, 1, 2 and 5 C, (c) rate capability of LTO and the LTO/Li2C8H4O4 composite electrodes at various current rates of 0.2, 0.5, 1, 2 and 5 C in the
voltage range of 0.7–2.5 V, (d) cycling performance of the LTO/Li2C8H4O4 composite electrode at a current rate of 1 C.
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calation potential. Li2C8H4O4 in the composite can be reversibly
intercalated and deintercalated with the presence of only 10%
CNTs because the initially lithiated LTO possibly acts as a con-
ducting agent. It has been reported that the electronic conductivity
of LTO is increased with increasing amount of Li, and ﬁnally
reaches 102 S cm1 (Li7Ti5O12), which is much larger than that of
original Li4Ti5O12 (o1013 S cm1) [36–38]. The Li7Ti5O12 pro-
motes the electronic conductivity of the LTO/Li2C8H4O4 composite
electrode in the following intercalation and deintercalation pro-
cesses. Li2C8H4O4 in the LTO/Li2C8H4O4 composite electrode pre-
sents a deintercalation potential from 0.9 to 1 V, which is lower
than the 1 V platform observed in the Li2C8H4O4 electrode. This
slightly decreased polarization in the LTO/Li2C8H4O4 composite is
possibly due to the nanosized Li2C8H4O4 and the good electronic
conductivity of the composite electrode.
Fig. 4b shows the charge/discharge curves of the LTO/Li2C8H4O4
composite electrode at various current rate. The LTO/Li2C8H4O4
composite electrode shows a charge capacity of 195 mA h g1 at
0.2 C, which decreases to 100 mA h g1 at 5 C. Compared with the
LTO electrode (Fig. 4c), the LTO/Li2C8H4O4 composite electrode shows
a signiﬁcant advantage in capacity at a current rate less than 2 C. Even
the current rate is increased to 5 C, the capacity of the LTO/Li2C8H4O4
composite electrode is still 10 mA h g1 higher than that of LTO. CNTs
added in the composite help the transport of electrons, and ensure
the good rate capability. As contrast, the LTO/Li2C8H4O4 compositeelectrode without CNTs shows a larger polarization and its capacity
decays rapidly with cycling (Fig. S1). The capacity retention of the
LTO/Li2C8H4O4 composite electrode is also excellent. Fig. 4d shows the
capacity retention and coulombic efﬁciency of the LTO/Li2C8H4O4
composite electrode over 150 cycles at a current rate of 1 C. The
electrode is ﬁrstly cycled at 0.1 C for 5 cycles and then the current rate
is increased to 1 C for the following cycles. In the ﬁrst 5 cycles, the
charge capacity is gradually increased to 200 mA h g1, which re-
mains about 180 mA h g1 in the following cycles at 1 C. The capacity
retention of the LTO/Li2C8H4O4 composite electrode is 97% after 150
cycles.
The Li-ions transport between LTO and Li2C8H4O4 was studied
by the asymmetric charge/discharge measurement and cyclic
voltammogram (CV). In the asymmetric charge/discharge mea-
surement, the cell was discharged (charged) at a small constant
current rate, followed by being charged (discharged) at a sequence
of gradually increased current rates. Fig. 5a shows that the cell is
initially discharged at constant small current rate of 0.2 C and then
charged from 0.2 to 5 C. LTO and Li2C8H4O4 in the composite is
ﬁrstly fully lithiatied at a lower discharge current rate, showing
associated capacities of 100 mA h g1 and 102 mA h g1. With
gradually increased delithiation current density, the charge capa-
city of Li2C8H4O4 is reduced from 85 mA h g1 at 0.2 C to
57 mA h g1 at 5 C because of the poor conductance of organic
Li2C8H4O4. However, LTO shows excellent delithiation kinetics,
which keeps a stable discharge capacity of about 110 mA h g1.
Fig. 5. Asymmetric charge/discharge curves of the LTO/Li2C8H4O4 composite electrode (a) discharged at a current rate of 0.2C and charged at 0.2, 0.5, 1, 2 and 5 C,
(b) discharged at 0.2, 0.5, 1, 2 and 5 C, and charged at 0.2 C, respectively; cyclic voltammograms of (a) Li2C8H4O4, LTO and the LTO/Li2C8H4O4 composite electrodes at a scan
rate of 0.1 mV s1, (d) the LTO/Li2C8H4O4 composite electrode at scan rates of 0.1, 0.25, 0.5, 1, 2.5 mV s1 in the voltage range of 0.6–2.5 V.
Y. Yan et al. / Progress in Natural Science: Materials International 26 (2016) 368–374372When the cell is discharged from 0.2 to 5 C and charged at a small
current rate of 0.2 C, the discharge platform of LTO at 1.55 V is
decreased signiﬁcantly from 100 mA h g1 at 0.2 C to 30 mA h g1
at 5 C, but the discharge platform associated with Li2C8H4O4 at
0.8 V is always present without any discharge capacity fading
(Fig. 5b). The most interesting phenomena is that when the cell is
discharged at 0.2–5 C and charged at 0.2 C, lithium ions inter-
calated into Li2C8H4O4 during discharge quickly transfer to LTO,
which are later deintercated from LTO during charge. For an ex-
ample, when the composite is discharged at 5 C, it shows a
1.55 V platform of 30 mA h g1 (0.34 mol Li in LTO) and a
0.8 V platform of 120 mA h g1 (1.36 mol Li in Li2C8H4O4).
However during next charge cycle at 0.2 C, the composite shows a
0.8 V platform of 40 mA h g1 (0.45 mol Li in Li2C8H4O4) and a
1.55 V platform of 110 mA h g1 (1.25 mol Li in LTO). This in-
teresting phenomena suggests that at least 0.91 mol Li-ions
transfer from Li2C8H4O4 to LTO during the discharge-charge (5–
0.2 C) cycle.
The transfer of Li-ions between Li2C8H4O4 and LTO is also ob-
served via the CV curves. Fig. 5c shows the CV curves of LTO,
Li2C8H4O4 and the LTO/ Li2C8H4O4 composite electrodes at a scan
rate of 0.1 mV s1. Compared with Li2C8H4O4 and the LTO/
Li2C8H4O4 composite, the CV curves of the LTO/Li2C8H4O4 com-
posite electrode shows an additional reduction peak at 0.7 V,
which can be attributed to the Li-ions transport from Li2C8H4O4 to
LTO. Fig. 5d shows the CV curves of the LTO/Li2C8H4O4 compositeelectrode at scan rates from 0.1 to 2.5 mV s1. At slow scan rates,
the peak (at 0.7 V) associated with Li-ions transport from
Li2C8H4O4 to LTO is clearly observed. When the scan rate is in-
creased above 1 mV s1 (about 2 C), the peak of Li-ions transport
between Li2C8H4O4 and LTO is overlapped by the peak of inter-
calation of Li-ions into Li2C8H4O4. The interesting Li-ions ex-
changes between two phase in the electrode material has not been
widely reported. Wagemaker et al. [39,40] using the 7Li magic-
angle-spinning (MAS) solid-state NMR researched the Li-ions
chemical shift between the two phase of Li0.01TiO2 and Li0.6TO2
formed after Li-ions intercalation into anatase TiO2. Their research
shows that the continuous ﬂux of lithium ions between Li0.01TiO2
and Li0.6TO2 is as high as 1.21020 S1 m2 at room temperature.
The Li-ions transport from Li2C8H4O4 to LTO is quickly completed
even discharge at 5 C, and the rapid transfer of Li-ions makes sure
that the capacity of LTO coated by organic Li2C8H4O4 in the com-
posite can be fully released even charge/discharge at high current
rate.
To investigate the effect of Li2C8H4O4 shell on the electro-
chemical performance of the composite after prolonged cycling,
the morphology of the LTO/Li2C8H4O4 composite and LTO after 100
cycles was further characterized by TEM. Shown in Fig. 6a and b,
the coating layer of Li2C8H4O4 is still intact after 100 cycles, which
uniformly and ﬁrmly covers the surface of LTO particles. This ef-
fectively shields LTO from electrolyte and consequently prevent
the interfacial reaction during electrochemical cycling. As contrast,
Fig. 6. The TEM images of (a, b) the LTO/Li2C8H4O4 composite and (c, d) the LTO after 100 cycles in the voltage range of 0.7–2.5 V.
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protection, the LTO is exposed in electrolyte and the interfacial
reaction is uninterrupted in charge/discharge cycles. After 100
cycles, the SEI on the surface of LTO grows to more than 10 nm.4. Conclusions
The core-shell composite of LTO/Li2C8H4O4 was synthesized
with a Li2C8H4O4 coating layer on LTO particles. The Li2C8H4O4
coating layer shields LTO from the electrolyte, restrains the inter-
facial reaction and may also relieve the gas evolution problem of
LTO. The composite displays two charge/discharge platforms at
1.55 and 0.8 V, which correspond to the Li-ions intercalation
potentials of LTO and Li2C8H4O4, respectively. LTO is initially li-
thiated in the discharge process and the lithiated product of
Li7Ti5O12 can efﬁciently promotes the electronic conductivity of
the composite electrode, which enables reversible lithium inter-
calation/deintercalation into Li2C8H4O4. It is also found that the Li-
ions can quickly transfer from Li2C8H4O4 to LTO in the dischargeprocess, which ensures the capacity of LTO in the composite can be
fully released even at high charge/discharge rate. The capacity of
the LTO/Li2C8H4O4 composite is signiﬁcantly improved compared
with LTO and displays an excellent cycling performance. Our work
here not only shows the beneﬁts of combining the advantages of
LTO and Li2C8H4O4 to form composite material for some special
conditions, but also proposes a new idea in the design of electrode
materials.Acknowledgements
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